1. Introduction {#sec1}
===============

Disadvantages of bone autografts and allografts such as donor-site complications, supply shortage and disease transmission potentiality have prompted the exploration of artificial bone substitutes \[[@bib1],[@bib2]\]. Porous titanium scaffolds manufactured through 3D printing technology with reduced stress shielding, completely interpenetrated and adjustable pores which have similar mechanical properties with nature bone are thus promising for bone defect reconstruction \[[@bib3], [@bib4], [@bib5]\]. Nevertheless, an insufficient rate of osteoconduction and integration of porous titanium scaffold could affect long-term survival, which limits its further application \[[@bib6],[@bib7]\]. Therefore, a surface modification approach aiming to enhance the bioactivity and function of porous titanium scaffold has been introduced \[[@bib8]\]. A wide variety of surface modification approaches for titanium and titanium alloys in the biomedical field have been introduced. Based on the methods of surface treatments, surface modification approaches can be classified into mechanical, chemical, and physical methods \[[@bib9],[@bib10]\]. Such as machining, grinding, acid etching, sol-gel, electrophoretic deposition, alkali etching, anodization, micro-arc oxidation (MAO), and multi-arc ion plating \[[@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\]. These approaches focused on the modification of the titanium and titanium alloys surface topography, morphology, and additional coating.

However, vast majority of the surface modification approaches only focus on osseointegration and osteogenesis of the porous titanium scaffolds \[[@bib18],[@bib19]\]. There is a lack of emphasis on angiogenesis of the porous titanium scaffolds which is a crucial factor for scaffold favorable long-term fixation, as abundant blood vessels are indispensable to favorable osteoblast function and rapid generation of new bone \[[@bib20],[@bib21]\]. Osteogenic cells growing into the scaffold require abundant blood and oxygen supply for direct osteogenesis \[[@bib22]\]. The early new blood vessels formed by vascular endothelial cells in peri-implant bone tissue are vital for rapid osseointegration and osteogenesis which increase the success rate of scaffold implantation \[[@bib23]\]. Consequently, a biofunctional coating with both osteogenesis and angiogenesis properties is required for long term fixation and survival of porous titanium scaffold.

Recently, growing literatures have shown that biodegradable Mg-based alloys are becoming revolutionary candidates for biomedical implants. Mg is an essential element that has a crucial role in normal bone metabolism \[[@bib24],[@bib25]\]. Mg-based alloys have promising osteogenic effects during bone fracture healing and bone defect reconstruction \[[@bib26],[@bib27]\]. Early adhesion of osteoblastic cells around the bone substitute surfaces is essential for new bone formation \[[@bib28], [@bib29], [@bib30]\]. After implantation, Mg reacts with body fluid and then corrodes, releasing Mg ions which are known to enhance cellular adhesion \[[@bib31], [@bib32], [@bib33]\]. Therefore, Mg can be used in implants with the intention of utilizing its cellular adhesion enhancement effect to facilitate new bone formation \[[@bib34]\]. In addition to osteogenic activity, Mg has also been found to play a role in formation of new blood vessels, but the relevant mechanism has not yet been fully studied \[[@bib35],[@bib36]\]. Nevertheless, superfluous hydrogen, high pH and insufficient biomechanical support caused by rapid and irregular degradation of Mg may cause gas-filled cavities which lead to implant failure \[[@bib37]\]. A high pH would be detrimental to cells if the corrosion rate of Mg surpass the buffering ability of the surrounding tissue \[[@bib38]\]. The rapid degradation and insufficient biomechanical support limit the application of Mg-based alloy which are mainly used as screw and plate in non-load bearing position. An extension of Mg application is necessary due to its favorable bioactivity.

To improve osseointegration, osteogenesis, and angiogenesis for long-term scaffold survival, it is necessary to develop a multifunctional surface of porous titanium scaffold with both osteogenic and angiogenic properties. To combine the advantages and avoid the disadvantages of porous titanium scaffold and Mg, a biofunctional Mg coating was successfully added to a titanium alloy (Ti6Al4V) scaffold, with an expectation of enlarging the use of Mg in orthopedic application and possessing sufficient biomechanical support, osseointegration, osteogenesis, and angiogenesis functions for orthopedic application. The biofunctional Mg coating was preliminarily proven to promote osteointegration and have no evident side effects related to Mg corrosion in our previous study \[[@bib17]\]. Nevertheless, the early angiogenesis effects *in vitro* and *in vivo* as well as long-term bone formation effects of Mg-coated Ti6Al4V scaffold are still unknown. In this work, MC3T3-E1 cells (preosteoblast cells) and HUVECs were used to study the *in vitro* osteogenesis and angiogenesis effects of Mg-coated Ti6Al4V scaffold, respectively. The early angiogenesis and long-term bone formation effects of Mg-coated Ti6Al4V scaffold *in vivo* were further evaluated with a rabbit model of femoral condylar defect.

2. Experimental section {#sec2}
=======================

2.1. The preparation of porous Ti6Al4V scaffolds and Mg coating {#sec2.1}
---------------------------------------------------------------

An electron beam melting system was applied to fabricate the porous Ti6Al4V scaffolds as mentioned previously \[[@bib39]\]. Briefly, the STL data of a 3D model was transferred to the electron beam melting machine. \~30 μm Ti6Al4V powders were preheated to 650 °C to generate a cross-section layer with the electron beam scanning under a vacuum condition (\~10^−4^ to 10^−5^ mbar). The process was repeated layer by layer until completion. The fabricated Ti6Al4V scaffold was 68 ± 5% in porosity with pore size of 710 ± 42 μm. The Mg coating deposition on Ti6Al4V scaffolds was performed as described previously \[[@bib17]\]. Briefly, a high-purity Mg (99.99%) was applied to bombard and sputter the substrate surface. The constant target arc current used in the process was 50 A, and under P~Ar~ = 3.5 × 10^−2^ Pa for 5 min. The negative bias voltage application used a 0.12--0.16 A current density. During deposition, the distance between Ti6Al4V samples and the cathode arc target was 400 mm, and the total deposition time was 60 min. The substrate temperature T~s~ was set to 245 °C. All the samples used in this work were sterilized by Co^60^ radiation and sealed before experiments.

2.2. Preparation of extractions of Ti6Al4V with and without Mg coating {#sec2.2}
----------------------------------------------------------------------

According to the ISO 10993-12 standard, sterilized and sealed disk-shaped Ti6Al4V samples with and without Mg coating were immersed in complete α-MEM (for MC3T3-E1 cell culture) and F--12K medium (for HUVECs culture). Immersions were carried out in medium with a 50 mL/cm^2^ of volume-to-surface area \[[@bib40]\]. All immersions were placed in a humidified thermostatic cell incubator for 48 h (37 °C, 5% CO~2~). Both Mg-coated Ti6Al4V scaffold extraction (Mg) and bare Ti6Al4V scaffold sample extraction (Ti) were collected under sterile conditions and placed in a 4 °C refrigerator for later use. Pure complete medium (pM) was used as a control. The Mg coating surface morphology was examined with X-ray diffraction and scanning electron microscopy (SEM).

2.3. In vitro studies {#sec2.3}
---------------------

### 2.3.1. Cell culture {#sec2.3.1}

Complete α-MEM and F--12K medium were used to culture MC3T3-E1 cells and HUVECs respectively. All cells were incubated in a humidified incubator (37 °C, 5% CO~2~). Medium was changed with fresh complete medium every 2 days.

### 2.3.2. Cell proliferation and viability {#sec2.3.2}

Cell proliferation and viability cultured using the Mg-coated Ti6Al4V scaffold extraction (Mg) and bare Ti6Al4V scaffold extraction (Ti), as well as pure complete medium (pM), were evaluated at 1, 4, 7, and 14 days, respectively, using an alamarBlue colorimetric assay (Invitrogen, Carlsbad, CA, USA). 3 × 10^3^ (MC3T3-E1 cells) and 2 × 10^3^ (HUVECs) cells per well were seeded on 96-well plates. Each well was added with 10 μL of 10% (v/v) alamarBlue solution and cultured for 3 h. A microplate reader was applied to test the absorbance of the culture medium at 570/600 nm in triplicate.

Following the manufacturer\'s guidance, cell viability was further assessed by the Calcein-AM/PI Double Stain Kit. MC3T3-E1 cells and HUVECs cultured with pM, Ti and Mg were resuspended and seeded on 24-well plates at a density of 5 × 10^3^ and 4 × 10^3^ cells per well, respectively. After 1-week cultivation, the cells were stained with calcein AM (acetoxymethyl) and PI (propidium iodide) for living and dead cells, respectively. Cells were imaged using 490 nm wavelength excitation for green living cells and 545 nm for red dead cells by a confocal laser scanning microscope.

### 2.3.3. Morphologies of cells {#sec2.3.3}

Vinculin and filamentous actin (F-actin) were detected to assess the cell morphology as mentioned previously \[[@bib6]\]. In brief, after incubation with different extractions for 1 week, MC3T3-E1 cells and HUVECs were resuspended and seeded on 24-well plates (5 × 10^4^ per well both). Cells were fixed and permeabilized for bovine serum albumin blocking after 48h of cultivation. Then primary vinculin antibody was added for overnight incubation before incubated with secondary antibody (1:500). Subsequently, rhodamine-phalloidin and DAPI treatments were applied to stain cells. The vinculin expression and overall cell area to nucleus area ration (CN ratio) were assessed with Image-Pro Plus 6.0.

### 2.3.4. Wound-healing assay and transwell assay of HUVECs {#sec2.3.4}

To test the motility and migration activities of HUVECs cultivated with pM, Ti and Mg, 5 × 10^5^ cells were seeded onto each well of 6-well plates to do the wound-healing assay. After 100% confluence of cells was achieved, a straight line was scraped in the middle of each well. All cells were cultivated with serum-free F--12K medium and observed at 0, 24, and 48 h post scrape. Images were acquired of every well to monitor the cell migration process at each time point. The distance between two scratch edges (wound width) was calculated.

8.0-μm PET membranes BioCoat™ Matrigel® invasion chambers (Corning, NY, USA) were used to study cell invasion activity. In brief, 300 μL serum-free medium suspension containing 3 × 10^4^ cells (starved-treated overnight) per well was added to the upper chamber, while 750 μL of antibiotic-free complete F--12K medium in the lower chamber. A cotton swab was used to scrub the remaining cells in the upper chamber after cultivation for 48 h. Cells migrated through the chamber membrane were fixed and washed, followed by hematoxylin staining for 15 min. The invaded cells were counted in three images per membrane under a Nikon microscope using a 20 × objective. Both assays were conducted in triplicate.

### 2.3.5. Tube formation assay of HUVECs {#sec2.3.5}

The 96-well plate with Matrigel was solidified at 37 °C for 30 min. HUVECs cultivated with pM, Ti and Mg for 1 week were resuspended and seeded at a density of 2 × 10^4^ cells per well. Matrigel-induced morphological changes in HUVECs cultivated with different extraction media and their tubular networks were photographed after 24 h of incubation. Images were captured and analyzed to measure total tube length. The tube formation assay was conducted in triplicate.

### 2.3.6. ALP activity of MC3T3-E1 cells {#sec2.3.6}

The MC3T3-E1 cells cultivated with pM, Ti and Mg were seeded on 24-well plates (5 × 10^3^ cells per well). The samples were measured at 4, 7, and 14 days of cultivation for quantitative ALP assay. The OD values at 405 nm was tested to determine the ALP activity after incubation with p-nitro-phenyl phosphate (*p*-NPP).

### 2.3.7. ECM mineralization by MC3T3-E1 cells {#sec2.3.7}

Cells cultured with pM, Ti and Mg were evaluated with alizarin red staining. Cells were seeded on 24-well plates (4 × 10^3^ cells per well), and cultured using pM, Ti and Mg with osteogenic medium after cell adherence. After 14 days of incubation, cells were stained with alizarin red solution. The absorbance was measured at 630 nm.

### 2.3.8. Quantitative real-time PCR {#sec2.3.8}

In brief, MC3T3-E1 cells (4 × 10^4^ per well) and HUVECs (3 × 10^4^ per well) were seeded on 24-well plates cultured with pM, Ti and Mg. The expression levels of ALP, Col-1, OCN, rRunx2, OPN, HIF-1α, and VEGF were determined after 7 days and 14 days of incubation. Total RNA was extracted and determined and measured. GAPDH was used as control. [Table 1](#tbl1){ref-type="table"} showed the primer sequences.Table 1Primers used in Real-Time PCR.Table 1Target geneForward primer (5′-3′)Reverse primer (5′-3′)ALPTTGGGCAGGCAAGACACAGAAGGGAAGGGATGGAGGAGCol-1GACATGTTCAGCTTTGTGGACCTCGGGACCCTTAGGCCATTGTGTAOCNACCATCTTTCTGCTCACTCTGCTCCTTATTGCCCTCCTGCTTGRunx2GAACCAAGAAGGCACAGACAGAGGCGGGACACCTACTCTCATACOPNTACGACCATGAGATTGGCAGTGATATAGGATCTGGGTGCAGGCTGTAAVEGFGAGGAGCAGTTACGGTCTGTGTCCTTTCCTTAGCTGACACTTGTHIF1αGAACGTCGAAAAGAAAAGTCTCGCCTTATCAAGATGCGAACTCACAGAPDHTGCTGGTGCTGAGTATGTGGTAGTCTTCTGGGTGGCAGTGAT

2.4. In vivo studies {#sec2.4}
--------------------

### 2.4.1. Animals and surgical procedures {#sec2.4.1}

To examine early vascularization and long-term bone formation effects *in vivo*, 42 New Zealand white rabbits (3 ± 0.5 kg) were divided into two groups randomly (Ti and Mg). All animal experiments were performed in strict accordance with the Fourth Military Medical University animal ethics committee guidelines. The rabbits were randomly assigned to 7 time points (2, 4, and 8 weeks for vascularization test; 12 weeks for sequential fluorochrome labeling; 6, 9, and 12 months for osteogenesis evaluation and n = 6 rabbits for each time point). The rabbit surgical procedures were performed according to the protocol we previously established \[[@bib17]\]. In brief, the rabbits were narcotized and the lateral femoral epicondyles were exposed. Ø5 mm × L10 mm cylindrical defects were made and implanted with bare Ti6Al4V and Mg-coated Ti6Al4V scaffolds randomly (supporting information, [Fig. S1](#appsec1){ref-type="sec"}). Antibiotics were applied twice a day for 3 days after surgery.

### 2.4.2. Sequential fluorochrome labeling {#sec2.4.2}

In order to monitor the mineralization process around the scaffolds, 25 mg/kg calcein, 30 mg/kg alizarin red S, and 50 mg/kg tetracycline hydrochloride were injected intramuscularly and sequentially at 3, 6, and 9 weeks after implantation \[[@bib41]\]. After 12 weeks of surgery, femoral epicondyle samples were fixed for 2 weeks (75% ethanol) before histotomy. Histological sections were prepared, and images were obtained.

### 2.4.3. Microangiography of rabbit {#sec2.4.3}

At each time point, the rabbits used for microangiography were narcotized. The abdominal aorta and postcava were exposed with a median abdominal incision. Both postcava and abdominal aorta were cut and ligated at the proximal end (supporting information, [Fig. S2](#appsec1){ref-type="sec"}). A tube was inserted into the abdominal aorta, and normal saline with heparin sodium (50 IU/mL) was used to rinse the lower limb blood vessels with an electric syringe. After about a 1-L normal saline rinse, 500 mL 10% formaldehyde was applied to fix the vessels of lower limbs through the abdominal aorta. Subsequently, 50 mL of Microfil® silicone rubber injection compound was injected through the abdominal aorta to perfuse lower limb vessels (2 mL/min). All samples were harvested and fixed for 2 weeks (75% ethanol). After that, 10% EDTA was used as a decalcifying solution to treat all samples for 2 months before micro-CT scan.

2.5. Micro-computed tomography evaluation {#sec2.5}
-----------------------------------------

All samples were scanned to do the micro-computed tomography analysis. For new bone formation analysis, the sample area was set as the region of interest (ROI). A 2 mm range around the microangiography sample was set as the ROI for vascularization evaluation. The percentage of newly formed bone volume and blood vessel volume were calculated as bone volume/total scaffolds volume (BV/TV) and blood vessel volume/total volume (BVV/TV), respectively.

2.6. Quantitative histological analysis {#sec2.6}
---------------------------------------

The samples were dehydrated and polymerized after micro-computed tomography analysis. After polymerization, serial transverse sections (70-mm-thick) were prepared and stained with Van Gieson\'s stain according to protocol. All the sections were examined, and images were obtained. Volumes of newly formed bone were calculated and compared statistically.

2.7. Statistical analysis {#sec2.7}
-------------------------

The quantitative results were presented as the means ± SEM for each group. A one-way ANOVA test was used to perform the statistical analysis among different groups using PASW Statistics 19.0 software. A *p* value \< 0.05 was considered statistically significant. GraphPad Prism 6.0 software was used to plot graphs.

3. Results {#sec3}
==========

3.1. Characterization and degradation of Mg-coating {#sec3.1}
---------------------------------------------------

The surface characterization of the Mg-coated Ti6Al4V scaffold samples before and after immersion into culture medium is shown in [Fig. 1](#fig1){ref-type="fig"}. The deposited Mg film had a dense, smooth surface, without flaws. The coating was formed with a uniform size of about 1 μm Mg grains. After immersed in culture medium for 48 h, the Mg coating surface cracked and degraded. The elemental composition of Mg-coated Ti6Al4V samples before and after immersion were determined by energy spectrum analysis. As shown in [Fig. 1](#fig1){ref-type="fig"}D, the Mg weight percentage decreased to 11.77% after 48 h of immersion, compared with 28% ([Fig. 1](#fig1){ref-type="fig"}B) before immersion.Fig. 1SEM images and energy spectrum analysis of Mg-coated Ti6Al4V scaffold before (A, B) and after (C, D) immersion.Fig. 1

3.2. In vitro studies on effect of Mg extraction on MC3T3-E1cells and HUVECs {#sec3.2}
----------------------------------------------------------------------------

### 3.2.1. Effect of Mg extraction on cell proliferation and viability {#sec3.2.1}

To assess MC3T3-E1 cells and HUVECs cells viability and proliferation co-cultured with pM, Ti, and Mg extraction, an alamarBlue colorimetric assay was applied after cultivation. Both cells proliferated with the increase of cultivation time ([Fig. 2](#fig2){ref-type="fig"}A and B). Significantly higher rate of proliferations of both cells were observed in Mg group than those in Ti and pM groups at 4, 7, and 14 days (*p* \< 0.05). On the first day of incubation, no significant proliferation difference was observed among Ti, pM and Mg groups on first day of incubation (*p* \> 0.05). No evidence of cell proliferation difference was found between group Ti and pM (*p* \> 0.05).Fig. 2Measurement of MC3T3-E1 cell proliferation by alamarBlue colorimetric assay after 1, 4, 7 and 14 days of cultivation. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group).Fig. 2

The cell proliferation and viability were also validated by Calcein-AM/PI double staining. Under a confocal microscope, living MC3T3-E1 cells and HUVECs showed bright green fluorescence ([Fig. 3](#fig3){ref-type="fig"}). Further quantitative analysis demonstrated that high cell density was maintained in the Mg group (815 ± 53 cells/mm^2^ in MC3T3-E1 cells, 910 ± 60 cells/mm^2^ in HUVECs) compared with those in the Ti group (580 ± 73 cells/mm^2^ in MC3T3-E1 cells, 620 ± 60 cells/mm^2^ in HUVECs) and pM group (595 ± 80 cells/mm^2^ in MC3T3-E1 cells, 632 ± 43 cells/mm^2^ in HUVECs) (*p* \< 0.05). Overall, significantly fewer dead cells with small and round morphology were observed based on red fluorescence in the Mg group ([Fig. 3](#fig3){ref-type="fig"}C, F). These results revealed that Mg-coated Ti6Al4V was capable of sustaining the high proliferation ability and viability of both cells ([Fig. 3](#fig3){ref-type="fig"}G and H).Fig. 3Proliferation and viability of MC3T3-E1 cells (A, B, C) and HUVECs (D, E, F) by Calcein-AM/PI double stain afer one week cultivation. Quantitative analysis (G, H) demonstrated that high cell density was maintained in Mg group. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group, Scale bar = 100 μm).Fig. 3

### 3.2.2. Effect of Mg extraction on adhesions of MC3T3-E1 cells and HUVECs {#sec3.2.2}

The morphologies of these two cells, which reveal cell adhesion behavior, were investigated with staining for F-actin, vinculin, and nuclei. MC3T3-E1 cells ([Fig. 4](#fig4){ref-type="fig"}A) and HUVECs ([Fig. 4](#fig4){ref-type="fig"}D) cultivated with Mg extraction had better spread than those of the Ti and pM groups. Mg extraction group had a much higher overall cell area to nucleus area (CN ratio) ([Fig. 4](#fig4){ref-type="fig"}B, E) (*p* \< 0.05). The organization of the cytoskeleton in the Mg group was better compared with those in the Ti and pM groups. Additionally, a higher fluorescence intensity of vinculin staining was found in cells from the Mg group than in those from the Ti and pM groups ([Fig. 4](#fig4){ref-type="fig"}C, F). Vinculin was distributed in both the cytoplasm and cell edges in the Mg group, which may result in better cell adhesion.Fig. 4Analyses of MC3T3-E1 (A) and HUVEC (D) cell adhesion with different extraction after incubation for 48 h by fluorescent detection. B, E show morphology analysis, and C, F show the fluorescence intensity of vinculin staining with different extraction, respectively. Three different fields were measured per sample. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group, scale bar = 50 μm).Fig. 4

### 3.2.3. Effect of Mg extraction on wound-healing and transwell abilities of HUVECs {#sec3.2.3}

The motility and migration activities of HUVECs were tested with wound-healing and Transwell assays. Migratory potential increased in the Mg extraction-treated HUVECs compared with those from the Ti and pM groups, as indicated by wound distance ([Fig. 5](#fig5){ref-type="fig"}A). Wounds almost fully recovered in the Mg extraction-treated HUVEC group 48 h post scratch, which was much faster than those in the Ti and pM groups (*p* \< 0.05). No evidence of wound distance difference at each time point were found between Ti and pM groups (*p* \> 0.05).Fig. 5Wound-healing assay and Transwell assay of HUVECs cultured with pM, Ti, and Mg extractions. (A) Representative migration images of HUVECs at different time points (0, 24, and 48 h) of different groups. (B) Quantitation of migration ability of different groups. (C) Transwell images of HUVECs cultured with pM, Ti, and Mg extraction. (D) Quantitations of invaded cells of different groups. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group, scale bar: A = 100 μm. C = 50 μm).Fig. 5

Similarly, the invasion ability of HUVECs, which was assessed using Transwell invasion chamber assay, was markedly enhanced after treatment with Mg extraction ([Fig. 5](#fig5){ref-type="fig"}C). After 48 h of cultivation, the Mg extraction-treated cells invaded through the invasion chamber membrane to a greater extent (212 ± 20) than those treated with Ti (70 ± 18) and pM (65 ± 12) extractions (both *p* \< 0.05). Meanwhile, no evidence of difference was found between Ti and pM groups (*p* \> 0.05). Collectively, these data suggest that treatment of HUVECs with Mg extraction results in the enhancement of motility and migration abilities.

### 3.2.4. Effect of Mg extraction on tube formation ability of HUVECs {#sec3.2.4}

As one of the characteristic of HUVECs, tube formation indicates the *in vitro* tubulogenesis ability of HUVECs. Compared with these in the Ti extraction and pM groups after 24 h cultivation, a significantly increased number of tubes as well as vessel branch points were detected in the Mg extraction-treated group ([Fig. 6](#fig6){ref-type="fig"}, *p* \< 0.05). Compared with Ti extraction and pM treated HUVECs, the Mg extraction-treated HUVECs showed 120% increase in formation of tube-like capillaries ([Fig. 6](#fig6){ref-type="fig"}B). The tube length and branch points were assessed as angiogenic parameters in this work. No evidence of tube length and branch points difference were found between Ti and pM groups (*p* \> 0.05). Together, these data confirm that Mg extraction treatment possesses the ability to increase the tubulogenesis of HUVECs.Fig. 6Tube formation assay of HUVECs cultured with pM, Ti, and Mg extractions. (A) Representative tube formation images of HUVECs of different groups showing tube length; branch points were significantly higher in Mg group than in Ti and pM groups. (B) Quantitations of tube formation of different groups. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Scale bar = 100 μm. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group).Fig. 6

### 3.2.5. Effect of Mg extraction on ALP activity of MC3T3-E1 cells {#sec3.2.5}

A significantly higher ALP activity was observed in Mg extraction treated group throughout the cultivation period than the Ti extraction and pM groups (both *p* \< 0.05, [Fig. 7](#fig7){ref-type="fig"}, supporting information [Fig. S3](#appsec1){ref-type="sec"}). With regard to the Mg extraction group (0.48 ± 0.4 μmol/μg total protein), a slightly higher ALP activity was observed than in the Ti (0.41 ± 0.2 μmol/μg total protein) and pM (0.4 ± 0.1 μmol/μg total protein) groups at day 4, but the statistical analysis revealed no difference (*p* \> 0.05). Seven days after incubation, the ALP activity of Mg extraction treated MC3T3-E1 cells (2.1 ± 0.4 μmol/μg total protein) markedly increased by about 40% compared with those Ti extraction and pM treated cells (both *p* \< 0.05). No evidence of increase difference at 7 and 14 days were found between Ti and pM groups (*p* \> 0.05). These quantitative analysis results suggest Mg extraction had long-term stimulating effect on the ALP activity of MC3T3-E1 cells.Fig. 7Quantitative ALP activities of MC3T3-E1 cells cultured with pM, Ti, and Mg extraction. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group).Fig. 7

### 3.2.6. Effect of Mg extraction on ECM of MC3T3-E1 cells {#sec3.2.6}

ECM mineralization in Mg extraction group increased compared with those in both the Ti extraction and pM groups ([Fig. 8](#fig8){ref-type="fig"}). According to the ECM staining images, at 14 days of incubation, less calcium nodes appeared on the Ti extraction and pM groups, and the number of calcium nodes increased on Mg extraction group. These collective data reveal that Mg extraction promotes MC3T3-E1 cells ECM mineralization.Fig. 8Analysis of ECM mineralization of MC3T3-E1 cells. Calcium nodes increased in Mg extraction medium-cultured group at 14 days of incubation compared with those of Ti and pM extraction groups. Scale bar = 100 μm. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group).Fig. 8

### 3.2.7. Osteogenesis-related and angiogenesis-related gene expression {#sec3.2.7}

In the Mg extraction group, high levels of osteogenesis-related genes ALP and Col-1 expression of MC3T3-E1 cells were found at 7 and 14 days of incubation compared with those in both Ti extraction and pM groups (*p* \< 0.05, [Fig. 9](#fig9){ref-type="fig"}A). Significantly higher OCN and OPN gene expression levels in the Mg extraction group were observed at 14 days. Interestingly, there were no significant changes in Runx2 expression among the three groups at 7 and 14 days (*p* \> 0.05). No significant difference were found between the Ti extraction and pM groups at 7 and 14 days.Fig. 9(A) Relative mRNA expression of osteogenesis-related genes (ALP, Col-1, OCN, OPN, and Runx2) of MC3T3-E1 cells. (B) Relative mRNA expression of angiogenesis-related genes (HIF-1α and VEGF) of HUVECs. Asterisks (\*) indicate statistical significance compared with the Ti and pM groups, *p* \< 0.05. Pure complete medium (pM); Ti6Al4V sample extraction (Ti); Mg-coated Ti6Al4V sample extraction (Mg) (n = 3 for each group).Fig. 9

The levels of angiogenesis-related genes HIF-1α and VEGF in HUVECs increased significantly in the Mg extraction group at 14 days of incubation (*p* \< 0.05, [Fig. 9](#fig9){ref-type="fig"}B). At 7 days of incubation, no evidence of VEGF gene expression difference among these three groups, while HIF-1α expression in the Mg extraction group was much higher than those in the Ti extraction and pM groups (*p* \< 0.05). At 7 and 14 days, HIF-1α and VEGF expression between the Ti extraction and pM groups did not show any significant difference (*p* \> 0.05).

3.3. In vivo studies of Mg-coated Ti6Al4V scaffold {#sec3.3}
--------------------------------------------------

### 3.3.1. Sequential fluorochrome labeling analysis {#sec3.3.1}

Calcein was observed on a wider area surrounding the Mg-coated Ti6Al4V scaffolds compared with that in the bare Ti6Al4V scaffold. Alizarin red was deposited onto a wide area along with calcein in both scaffolds. A more intense and wider distribution of red fluorescence was observed in the Mg-coated Ti6Al4V scaffolds. As for tetracycline, a large and long yellow line extended along the alizarin red area, indicating more bone formation. Newly formed bone grew from the existing bone surface region toward the scaffold ([Fig. 10](#fig10){ref-type="fig"}A). Statistical results revealed that new bone formation in the Mg-coated Ti6Al4V scaffold (31.5 ± 5.2%) was significantly higher than in the bare Ti6Al4V scaffold (15 ± 2.4%) at 12 weeks post operation (*p* \< 0.05, [Fig. 10](#fig10){ref-type="fig"}B).Fig. 10Sequential fluorescent labeling of Mg-coated Ti6Al4V scaffold (Mg) and bare Ti6Al4V scaffold (Ti) 12 weeks after implantation. Green, red, and yellow represent labeling by calcein, alizarin red S, and tetracycline, respectively. Asterisks (\*) indicate statistical significance compared with the bare Ti6Al4V scaffold, *p* \< 0.05 (n = 3 for each group, scale bar = 200 μm).Fig. 10

### 3.3.2. Micro-CT evaluation of newly formed bone and vessels {#sec3.3.2}

The new bone tissues (yellow) were found to spread from the margin of scaffolds (white) into the center. The percentage of BV/TV in both scaffold increased with implantation time ([Fig. 11](#fig11){ref-type="fig"}). In the bare Ti6Al4V scaffold, new bone was observed mainly around the periphery of the scaffold, while the Mg-coated Ti6Al4V scaffold had more favorable new bone ingrowth into the scaffold. At 6 months post-operation, a significantly higher BV/TV value was found in the Mg-coated Ti6Al4V scaffold (24.5 ± 1.8%) compared with that in the bare Ti6Al4V scaffold (14.9 ± 0.95%, *p* \< 0.05). After 9 and 12 months of implantation, the Mg-coated Ti6Al4V scaffold exhibited much higher ability of promoting new bone formation and ingrowth than the bare Ti6Al4V scaffold did (*p* \< 0.05). These collective results showed that the Mg-coated Ti6Al4V scaffold greatly promotes bone regeneration.Fig. 11Micro-CT images of bare Ti6Al4V (A, B, C) and Mg-coated Ti6Al4V (D, E, F) scaffolds after 6, 9, and 12 months of implantation. The yellow components indicate newly formed bone in these scaffolds. (G) Percentages of regenerated bone volume/total volume (BV/TV) in these scaffolds. Asterisks (\*) indicate statistical significance compared with the bare Ti6Al4V scaffold, *p* \< 0.05 (n = 3 for each group).Fig. 11

After microangiography and decalcification, newly formed blood vessels were also characterized by micro-CT. The 2-mm area around the scaffold was chose as an ROI, and the blood vessel volume/total volume (BVV/TV) was calculated. Based on the collected images, blood vessels had an increased number and volume growth around the Mg-coated Ti6Al4V scaffold compared with those around the bare Ti6Al4V scaffold. The blood vessel volume increased with implantation time. A significantly higher BVV/TV value was found in the Mg-coated Ti6Al4V scaffold group (21.2 ± 3.2%) compared with that in the bare Ti6Al4V scaffold group (10.9 ± 1.8%, *p* \< 0.05) 2 weeks after implantation ([Fig. 12](#fig12){ref-type="fig"}). At 4 weeks, the BVV/TV value was 35.3 ± 4.5% in the Mg-coated Ti6Al4V scaffold group, which was higher than that in the bare Ti6Al4V scaffold group (15.5 ± 3.4%, *p* \< 0.05). The same result was observed 8 weeks after implantation, revealing that the Mg-coated Ti6Al4V scaffold could accelerate blood vessel formation around the scaffold, which may lead to better vascularization inside the scaffold.Fig. 12Microangiography analysis of newly formed blood vessel around the scaffolds. The 2 mm area around the scaffold was chose as ROI, and the blood vessel volume/total volume BVV/TV was calculated. (G)Percentages of regenerated bone volume/total volume BVV/TV in these scaffolds. Asterisks (\*) indicate statistical significance compared with the bare Ti6Al4V scaffold, *p* \< 0.05 (n = 3 for each group).Fig. 12

### 3.3.3. Histological analysis {#sec3.3.3}

The newly formed bone (red) ingrowth appeared to directly emanate from the bone defect border toward the scaffolds. There were no inflammatory reaction and gas cavities found in any group. The volume of regenerated bone and thickness of trabeculae increased with implantation time in both groups. Well integration was observed between the new bone and the Mg-coated Ti6Al4V scaffolds at each time points ([Fig. 13](#fig13){ref-type="fig"}). A large volume of newly formed bone deep inside the Mg-coated Ti6Al4V scaffold was observed, while new bone in the bare Ti6Al4V scaffold was limited and isolated. The histomorphometric analysis revealed a much higher bone volumes in Mg-coated Ti6Al4V group at 6, 9, and 12 months compared with bare Ti6Al4V group. These data collectively demonstrate that Mg-coated Ti6Al4V scaffold exhibits the ability of better osteogenesis and osteointegration.Fig. 13Van-Gieson staining histological sections (A--F) and (G) quantitative analysis of the bare Ti6Al4V and Mg-coated Ti6Al4V scaffolds at 6, 9 and 12 months postoperation. The red-stained tissue indicates newly formed bone. Asterisks (\*) indicate statistical significance compared with the bare Ti6Al4V scaffold, *p* \< 0.05 (n = 3 for each group, scale bar = 200 μm).Fig. 13

4. Discussion {#sec4}
=============

Porous titanium scaffolds with controllable geometry, suitable porosity, and favorable pore size are the materials of choice for use as substitutes for bone repair \[[@bib42], [@bib43], [@bib44], [@bib45]\]. Recently, manufacturing porous titanium scaffolds with distinguished mechanical properties, less stress shielding, and better new bone ingrowth have received considerable attention \[[@bib46],[@bib47]\]. Supply of nutrients and oxygen from blood vessels is of vital importance in osteogenesis and survival of porous titanium scaffolds \[[@bib48],[@bib49]\]. New blood vessel formation or angiogenesis is required for the scaffold to be functional. Although there has been considerable development of surface modifications of porous titanium scaffolds, insufficient bone growth and blood vessel ingrowth into the porous titanium scaffold have limited their further application. Therefore, a biofunctional coating with both osteogenesis and angiogenesis properties is required for porous titanium scaffold long term fixation and survival which are crucial for their clinical applications.

Recent studies have reported the prominent advantages of Mg and its alloys, including biodegradability and biocompatibility, and they have been considered to be revolutionized implant materials \[[@bib50], [@bib51], [@bib52]\]. Some previous studies reported the *in vitro* Mg alloy degradation and corrosion could increase the pH of the culture medium, which may affect cell survival \[[@bib53], [@bib54], [@bib55]\]. In theory, the human body cannot unlimitedly intake any metal. Toxic reactions from Mg alloy degradation happen only beyond the tolerance limit \[[@bib56],[@bib57]\]. In this study, Mg was applied as a coating on porous Ti6Al4V scaffold with relatively small amount of Mg usage compare to Mg-based alloy. The biocompatibility and toxicity of the scaffold are determined by the release amount of Mg ion, which is related to the Mg volume and corrosion rate of the coating. The pH change and hydrogen release caused by degradation of such amount of Mg were proved to have no harm on surround tissue in this study.

After immersion in culture medium for 48 h, the Mg coating surface became coarse, cracked and degraded. The Mg weight percentage decreased from 28% to 11.77% after 48 h of immersion. *In vitro* studies revealed that the Mg-coated Ti6Al4V extraction had favorable biocompatibility. High cell proliferation and viability were found when incubated with Mg extraction compared with these of bare Ti6Al4V extraction and pure medium. Vinculin is a vital component for cell focal adhesion, which plays a crucial role in cell attachment, migration, and formation of cytoskeleton actin \[[@bib6],[@bib58]\]. Furthermore, MC3T3-E1 cells and HUVECs cultured with Mg extraction showed an increased intensity of vinculin staining as well as more lamellipodia extensions than those cultured with bare Ti6Al4V extraction and pure medium.

Cell differentiation is also critical for new bone formation except for cell proliferation and adhesion. ALP activity was analyzed and was significantly higher throughout the observation period in the Mg extraction group. Meanwhile, a large number of calcium nodes of ECM mineralization were observed in Mg extraction group. At 7 and 14 days of incubation, ALP and COL-1 gene were highly expressed in the Mg extraction-cultured MC3T3-E1 cells compared with those in both Ti extraction and pM-cultured MC3T3-E1 cells. However, OCN and OPN gene expressions only increased at 14 days in Mg extraction cultivation. Interestingly, there was no change in Runx2 gene expression among all groups at each observation point. These results collectively indicate that Mg extraction possess the ability of promoting osteogenic differentiation of MC3T3-E1 cells, which is consistent with the previous studies on Mg alloy and Mg substrate \[[@bib33],[@bib59],[@bib60]\].

In addition to osteogenesis, early vascularization or angiogenesis is of great importance for scaffold survival and will eventually facilitate osteogenesis. HUVECs migration is essential for angiogenesis. In this study, a significant increase of migratory potential was observed on Mg extraction-treated HUVECs, as demonstrated by the wound-healing assay. Wounds almost fully recovered in the Mg extraction-treated HUVECs group 48 h post scratch. Similarly, the invasive ability of HUVECs was markedly enhanced after treatment with Mg extraction, as assessed by Transwell invasion chamber assays. After 48 h of cultivation, a higher rate of cell invaded through the invasion chamber membrane was observed in the Mg extraction-treated group. Tube formation is one of the characteristics of HUVECs that indicates the *in vitro* tubulogenesis ability. Compared with those in the Ti extraction and pM groups after 24 h of cultivation, a significantly increased number of tubes and vessel branch points were observed in the Mg extraction group. However, the Ti and pM extraction groups had no statistical difference in HUVECs motility, migration activity, and tubulogenesis. Collectively, these data suggest that HUVECs treated with Mg extraction can result in the enhancement of motility, migration, and tubulogenesis ability. Compared with Ti extraction and pM groups, higher expression of HIF-1α and VEGF gene were found in the Mg extraction group at 14 days of incubation. HIF-1α is a transcription factor that promotes angiogenesis by simulating hypoxic conditions and promoting the transcription of VEGF, which is an important proangiogenic factor and angiogenesis-signaling gene \[[@bib21],[@bib61]\]. The increased expression of HIF-1α results in enhanced VEGF, which is in agreement with the common opinion that Mg plays a crucial role in angiogenesis by activating HIF-1α transcriptional activity \[[@bib62],[@bib63]\]. Mg was reported to increase the activity of magnesium transporter subtype 1 (MagT1), which is a cellular component essential to vertebrate Mg influx \[[@bib21],[@bib64]\]. Thus, Mg extraction from Mg-coated Ti6Al4V scaffold may up-regulate the expression of MagT1, which results in Mg influx, and then stimulates the VEGF transcription of HUVECs via activation of HIF-1α.

Along with the *in vitro* tests of the Mg-coated Ti6Al4V scaffold, the *in vivo* early vascularization and long-term bone formation effects of the Mg-coated Ti6Al4V scaffold were evaluated using a rabbit femoral condylar defect model. Sequential fluorochrome markers were administered in rabbits for 12 weeks to monitor new bone formation of the scaffold. Quantitative analysis revealed that newly formed bone after 12 weeks of operation in Mg-coated Ti6Al4V scaffold group was significantly higher than bare Ti6Al4V scaffold group. The same outcome was observed with the micro-CT scan. Compared with bare Ti6Al4V scaffold at 6 months post-operation, the BV/TV value of Mg-coated Ti6Al4V scaffold was significantly higher. The newly formed bone in both groups increased with implantation time. Compared with bare Ti6Al4V scaffold, the newly formed bone volumes were much higher in Mg-coated Ti6Al4V group at 6, 9, and 12 months post-operation. These data collectively demonstrate that better osseointegration and osteogenesis are achieved with the Mg-coated Ti6Al4V scaffold.

In this study, microangiography analysis of vascularization around scaffolds was applied for the first time. After microangiography and decalcification, newly formed blood vessels were also characterized by micro-CT. As the Microfil® silicone rubber injection compounds and Ti6Al4V have nearly identical CT value, it is very difficult to distinguish the blood vessels from Ti6Al4V. Therefore, the 2-mm area around the scaffold was chosen as an ROI to indirectly reflect the vascularization. Based on the collected images, blood vessels proliferated with implantation time and increased in number and volume growth around the Mg-coated Ti6Al4V scaffold compared with those in the bare Ti6Al4V scaffold. The BVV/TV value was significantly higher in the Mg-coated Ti6Al4V scaffold group (21.2 ± 3.2%) compared with that in the bare Ti6Al4V scaffold group (10.9 ± 1.8%) at 2 weeks. At 4 weeks, the BVV/TV value was 35.3 ± 4.5% in the Mg-coated Ti6Al4V scaffold group and 15.5 ± 3.4% in the bare Ti6Al4V scaffold group. The same result was observed at 8 weeks, revealing that the Mg-coated Ti6Al4V scaffold can accelerate early blood vessel formation around the scaffold, which indirectly reflects better vascularization inside the scaffold.

Thus, we demonstrate that Mg coating is a promising surface modification on porous Ti6Al4V scaffolds for orthopedic applications in this work. Mg coating on Ti6Al4V scaffold has enlarged the scope of applying Mg for weight bearing in orthopedic application. The Mg-coated Ti6Al4V scaffold exhibits favorable osteogenic and angiogenic properties *in vitro* and increases long-term bone formation and early vascularization *in vivo*. However, future studies of specific molecular mechanisms underlying osteogenesis and angiogenesis with Mg-coated Ti6Al4V are necessary.

5. Conclusion {#sec5}
=============

In this study, a biofunctional Mg-coated Ti6Al4V shows favorable osteogenic and angiogenic properties *in vitro*. Cell proliferation, viability, and adhesion are enhanced by Mg extraction compared with bare Ti6Al4V extraction. ALP activity, ECM mineralization, and osteogenesis-related gene expression of MC3T3-E1 cells indicate better osteogenesis in the Mg extraction group. Wound-healing, Transwell, and tube formation assays as well as angiogenesis-related gene expression show that Mg extraction can increase the angiogenesis function of HUVECs. *In vivo* tests using sequential fluorochrome labeling analysis, micro-CT evaluation, and histological examination reveal that the Mg-coated Ti6Al4V scaffold can accelerate early blood vessel formation as well as osseointegration and osteogenesis around and inside the scaffold. Therefore, this novel Mg-coated Ti6Al4V scaffold enlarges the application scope of magnesium and is much promising as bone substitutes for orthopedic applications. Nevertheless, the specific molecular mechanisms underlying osteogenesis and angiogenesis with Mg-coated Ti6Al4V are still not fully elucidated which need to be illuminated in future studies.
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